Anthrax lethal toxin (LT) activates the NLRP1b (NALP1b) inflammasome and caspase-1 in macrophages from certain inbred mouse strains, but the mechanism by which this occurs is poorly understood. We report here that similar to several NLRP3 (NALP3, cryopyrin)-activating stimuli, LT activation of the NLRP1b inflammasome involves lysosomal membrane permeabilization (LMP) and subsequent cytoplasmic cathepsin B activity. CA-074Me, a potent cathepsin B inhibitor, protects LT-sensitive macrophages from cell death and prevents the activation of caspase-1. RNA interference knockdown of cathepsin B expression, however, cannot prevent LT-mediated cell death, suggesting that CA-074Me may also act on other cellular proteases released during LMP. CA-074Me appears to function downstream of LT translocation to the cytosol (as assessed by mitogen-activated protein kinase kinase cleavage), K ؉ effluxes, and proteasome activity. The initial increase in cytoplasmic activity of cathepsin B occurs at the same time or shortly before caspase-1 activation but precedes a larger-scale lysosomal destabilization correlated closely with cytolysis. We present results suggesting that LMP may be involved in the activation of the NLRP1b inflammasome.
Bacillus anthracis, the organism that causes the disease anthrax, secretes three proteins that form two virulence factors: lethal toxin (LT) and edema toxin (ET). Anthrax LT is a combination of the protective antigen (PA) and lethal factor (LF) polypeptides. PA is responsible for the translocation of LF into the cytoplasm whereby LF, a metalloproteinase, cleaves mitogen-activated protein kinase kinases (MEKs) (11, 37, 52, 53) . In macrophages from certain inbred strains of mice, LT treatment leads to a unique and rapid cell death (15, 45) . Strain-specific macrophage death is attributed to the LT sensitivity locus Nlrp1b (Nalp1b) which encodes a member of the NOD-like receptor (NLR) family of proteins, known for their role in the assembly of the inflammasome (8) . The inflammasome is a multiprotein complex involved in the activation of caspase-1, a cysteine protease responsible for cleaving the proinflammatory cytokines interleukin-1␤ (IL-1␤) and IL-18 to their mature forms (30) . The activation of caspase-1, likely through the formation of the NLRP1b inflammasome, is necessary for LT-mediated cell death in a manner independent of proinflammatory cytokine production and release (8, 12, 34, 59) .
Although some of the cellular events downstream of MEK cleavage which lead to the activation of the NLRP1b inflammasome by LT are known, the mechanism by which LT leads to caspase-1 activation is not clear. MEK cleavage has not been linked to LT-mediated macrophage death (37) . We do know that unlike other classic inflammasomes, degradation of some unidentified protein(s) by the proteasome is required for caspase-1 activation by the LT-induced NLRP1b inflammasome (12, 46, 59) . Similar to other inflammasomes, however, a general K ϩ efflux signal has also been linked to LT-dependent caspase-1 activation (12, 59) . Although macrophages undergo an osmotic lysis after caspase-1 activation, the mechanism by which caspase-1 induces cell death is unknown (12, 59) .
The well-characterized NLRP3 inflammasome is also an activator of caspase-1 in response to an ever-growing number of stimuli, including bacterial pathogens, bacterial RNA, antiviral molecules, ATP, ionophoric bacterial toxins, low intracellular K ϩ concentrations, uric acid crystals, amyloid ␤, silica crystals, aluminum salts, and asbestos (for recent reviews, see references 14 and 62). In the past few years, evidence has arisen suggesting that one of the common mechanisms required for activation of the NLRP3 inflammasome by some of these diverse stimuli may be lysosome or phagosome destabilization and release of lysosomal proteases, including cathepsin B (16, 19, 21, 22, 43, 60) . Recently, microglial phagocytosis of amyloid ␤ (responsible for forming the amyloid plaques characteristic of Alzheimer's disease) was shown to cause cathepsin B-dependent activation of the NLRP3 inflammasome. Thus, pharmacological or genetic inhibition of cathepsin B prevented caspase-1 activity and IL-1␤ release from these cells (19) . Similarly, silica crystals, aluminum salts, and microparticle vaccine adjuvants all lead to lysosomal damage and cathepsin B release, which activates the NLRP3 inflammasome and caspase-1 (22, 43) . Nigericin, a K ϩ ionophore and potent activator of the NLRP3 inflammasome, induces cathepsin B release from lysosomes in THP-1 monocytes, and activity of the resulting cytoplasmic cathepsin B is required for caspase-1 activity and cell death (21) . The antiviral molecule R837, which is known to activate the NLRP3 inflammasome and caspase-1, induces cell death through a cathepsin B-dependent pathway (16) . In other systems, cathepsin B is required for caspase-1-independent death. For example, Shigella flexneri infection results in a NLRP3-and cathepsin B-dependent but caspase-1-independent cell death (60) . Disease-associated NLRP3 mutations lead to downstream lysosomal leakage and lysosomal cathepsin B-dependent but caspase-1-independent cell death (16, 60) . The wide range of stimuli now associated with increased cytoplasmic cathepsin B activity and subsequent activation of the inflammasome suggests that lysosomal damage might be the common mechanism through which many stimuli trigger the NLRP3 inflammasome.
In the present report we describe a protection of murine macrophages from LT lysis by a potent cathepsin B inhibitor, CA-074Me. Considering K ϩ efflux has been linked to LMP, cathepsin B release from lysosomes, and caspase-1 activation, we hypothesized that LT-induced ion fluxes may also result in the release of proteases from lysosomes and subsequent activation of caspase-1. We report that LT treatment does induce the release of cathepsin B into the cytoplasm. CA-074Me prevents LT-mediated caspase-1 activation in a manner independent of effects on LF translocation. Our results suggest that LMP and/or cytoplasmic proteases that are inhibited by CA074Me may be a contributing factor in the activation of the NLRP1b inflammasome.
0.5% sodium deoxycholate, and 0.1% SDS in phosphate-buffered saline [PBS]) containing EDTA-free Complete protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN) and protein concentrations quantified by using a BCA protein assay (Pierce, Rockford, IL) prior to electrophoresis and Western blotting using anti-MEK1 NT (1:7,500), anti-MEK2 NT (1:2,000), anti-MEK3 NT (1:500), anti-caspase-1 (1:250), anti-IL-1␤ (1:700), anti-cathepsin B (1:5,000), or anti-XIAP (1:2,000) antibodies. Primary antibodies were detected using IRDye-conjugated secondary antibodies (anti-rabbit 800CW, 1:30,000; anti-goat 800CW, 1:5,000; anti-mouse 700DX, 1:15,000) and the Odyssey Infrared Imaging System (Licor Biosciences, Lincoln, NE).
In vitro caspase-1 assay. RAW 264.7 cells were grown in supplemented DMEM and treated with ultrapure LPS (1 g/ml) for 2 h and sucrose lysates prepared as previously described (29) . Lysates containing pro-IL-1␤ substrate were then treated with recombinant caspase-1 (1 U per 50-l reaction) in the presence of inhibitors and, incubated for 2 h at 37°C, and subjected to SDSpolyacrylamide gel electrophoresis. Western blotting was performed using the primary antibody anti-IL-1␤ (1:700).
Cytoplasmic cathepsin B activity assay. BMDMs were plated in 96-well plates to 90% confluence. Cells were washed once with phenol red-free and HEPESfree DMEM nutrient mixture F-12 (DMEM/F12; Invitrogen, Carlsbad, CA). Inhibitors, LT, or Leu-Leu-OMe were then applied to the cells in DMEM/F12 and cells were incubated at 37°C in 5% CO 2 for the indicated times. Saponin (S-4521) (Sigma, St. Louis, MO) dilutions prepared in 1ϫ cold PBS in separate 96-well plates were applied to cells after removal of medium. After a 10-min incubation on ice, supernatants were removed and centrifuged at 2,000 rpm for 10 min at 4°C in round-bottom 96-well plates. A 10-l portion of the supernatant was then mixed with 90 l of the cathepsin B substrate buffer (80 M zRR-AMC, 50 mM sodium acetate [pH 6 .0], 4 mM EDTA, 10 mM dithiothreitol, 1 mM Pefablock) (13, 21) . The rate of generation of free AMC was determined by recording fluorescence (excitation, 355 nm; emission, 460 nm) for 20 min at 30°C in a Wallac 1420 Multilabel Counter, Victor 3V (Perkin-Elmer Life and Analytical Sciences, Waltham, MA). Cathepsin B activity was determined by measuring the slope of the increase in AMC fluorescence (⌬AMC t
Ϫ1
) over 20 min. In parallel, 25 l of the supernatant was used to measure lactate dehydrogenase (LDH) activity via the CytoTox-ONE homogeneous membrane integrity assay (Promega, Madison, WI) according to the manufacturer's protocol. Endpoint LDH activities are reported. To evaluate cathepsin B inhibition by various molecules, we used BALB/cJ BMDMs treated with concentrations of saponin that fully permeabilized lysosomal membranes (5 mg/ml, 20 min, room temperature) as a source of enzyme. Cell lysate supernatants were then treated with various inhibitor concentrations for 10 min prior to assessment of cathepsin B activity. The 50% inhibitory concentration (IC 50 ) was calculated with GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA).
Time-lapse fluorescence microscopy. BALB/cJ BMDM cells grown in Lab-Tek chambered coverglass slides (Thermo Fisher Scientific, Rochester, NY) were stained for 30 min at 37°C with 100 nM LysoTracker Red DND-99 (Invitrogen, Carlsbad, CA) prepared in phenol red-free/HEPES-free DMEM/F12. After washes in phenol red-free and HEPES-free DMEM/F12, the cells were treated with LT (with or without drug pretreatment), and imaging was performed on a Leica TCS SP5 laser scanning confocal microscope with stacks (2-m distances between images) collected every 5 min. Image stacks were analyzed as maximum intensity projections of each stack over time. Image processing was performed in Imaris (v6.1.5; Bitplane AG, Zurich, Switzerland).
siRNA cathepsin B knockdown. Cells were nucleofected with Dharmacon ON-TARGETplus SMARTpool small interfering RNA (siRNA; Thermo Scientific, Rochester, NY) targeted to the murine cathepsin B gene (Ctsb, NM_007798) using kits appropriate to each cell type and according to the manufacturer's protocols (Amaxa, Inc., Gaithersburg, MD). Negative controls were nucleofected in the absence of siRNA. Nucleofected cells were grown at 37°C for 40 h prior to making lysates for Western blotting with anti-cathepsin B (1:2,500) and anti-XIAP (loading control; 1:2,000). As before, primary antibodies were detected using IRDye-conjugated secondary antibodies and the Odyssey Infrared Imaging System (Licor Biosciences, Lincoln, NE). Parallel LT toxicity assays were performed on the cells 40 h after nucleofection.
RESULTS
CA-074Me protects macrophages against LT. CA-074Me is a potent, cell-permeable, irreversible cathepsin B inhibitor (10) . BALB/cJ BMDMs and RAW 264.7 cells pretreated with a range of CA-074Me concentrations for 2 h before exposure to LT were protected against toxin-dependent cell death (Fig.  1 ). The drug was used at doses previously shown to be effective for the inhibition of cytoplasmic cathepsin B activity required for NLRP3-mediated cell death (16, 21, 60) . Late addition of some inhibitors of LT-dependent cell death (such as proteasome inhibitors) can still protect LT-sensitive macrophages (59) . In similar add-back experiments with CA-074Me, 50% protection was observed when the drug was added up to 40 min after the start of LT treatment, although no protection was observed when CA-074Me was added at any later times (data not shown). Because CA-074Me is thought to require removal of its methyl ester group by intracellular esterases before forming active CA-074, this inhibitor may not be able to accurately measure the stage at which the activity it inhibits is required in the cell death process (10) . This is also consistent with our observation that lower doses of CA-074Me can protect macrophages with increasing preincubation times (data not shown).
CA-074Me prevents caspase-1 activation. We next tested whether CA-074Me affected LF translocation or activity. BALB/cJ BMDMs were treated with LT in the presence of CA-074Me, and MEK cleavage was monitored over time by Western blotting. CA-074Me did not prevent MEK cleavage but did delay cleavage at the higher protective concentrations used in this experiment (Fig. 2) . MEK1 cleavage was not delayed when lower but still protective concentrations of CA074Me were used in conjunction with longer preincubation times, whereas MEK2 and MEK3 cleavages remained delayed by 20 min (data not shown). However, cells were protected even after completion of MEK cleavage. This suggests that, although CA-074Me treatment may affect initial delivery of LF to MEKs, it does not mediate protection through inhibition of LF activity or translocation.
We then tested whether the drug had any effect on the caspase-1 activation that is required for LT-mediated macrophage death (8, 12, 34, 59) . LPS priming was used to increase cellular IL-1␤ levels for ease of detection of the cleavage of this cytokine. Induction of this cytokine does not affect LT-mediated cytotoxic events. CA-074Me completely prevented caspase-1 cleavage (Fig. 3A) and processing of pro-IL-1␤ to mature IL-1␤ (Fig. 3B) . The delay of MEK cleavage by 20 to 30 min at the highest tested concentrations of CA-074Me did not account for this blockage of caspase-1 activation, since we did not find any caspase cleavage at late LT treatment times (100 min) when MEK proteins were cleaved (data not shown). Furthermore, at lower protective concentrations of CA074Me, at which MEK1 cleavage was unaffected, no evidence of caspase-1 activation was observed.
Although nonspecific inhibitory activity of both CA-074 and CA-074Me on caspase-1 have been previously ruled out (21, 39) , we also wanted to exclude the possibility that CA-074Me was acting as a nonspecific caspase-1 inhibitor in our system. We tested both CA-074Me and CA-074 in an in vitro recombinant caspase-1 activity assay measuring IL-1␤ cleavage. Neither CA-074 nor CA-074Me inhibited human or mouse caspase-1 activity, in contrast to two known caspase-1 inhibitors, Boc-D-CMK and Z-VAD-FMK (46, 59) (Fig. 3C ). These data corroborate previous reports demonstrating that CA074Me and CA-074 are not caspase-1 inhibitors. Thus, CA074Me appears to act downstream of LF translocation to the cytosol (as assessed by MEK cleavage) and upstream of caspase-1 activation.
LT treatment increases cytoplasmic cathepsin B activity and induces LMP. We next wanted to investigate whether LT treatment could induce lysosomal destabilization. Selective plasma membrane permeabilization techniques are available that allow release of a cell's cytoplasmic contents. When used with appropriate controls, these methods can detect whether LT treatment causes lysosomal protease translocation from lysosomes to the cytoplasm. In the present case, a saponin-based method was used to isolate the cytosol for measurement of cathepsin B activity, since this enzyme is the primary enzyme often associated with lysosomal leakage (13, 21, 50, 56) . To optimize this assay, we exposed untreated BALB/cJ BMDMs to a range of saponin concentrations and assayed the supernatants for LDH and cathepsin B activity. A 10-min treatment with saponin (125 g/ml) was found to give selective release of the cytosolic LDH marker and limited lysosomal release (Fig.  4) . These conditions were used in all subsequent permeabilization experiments. We then exposed BALB/cJ BMDMs to a nontoxic dose of the lysosomal destabilizing dipeptide Leu-Leu-OMe (48) as a positive control and verified LMP-mediated cathepsin B release to the cytosol (Fig. 5A and B) . Having confirmed that the assay was measuring LMP, we proceeded to treat the BALB/cJ BMDMs with LF, which we found caused a twofold increase in cytoplasmic cathepsin B activity relative to untreated cells after 60 min of LT treatment. The similar amounts of LDH activity in LT-treated and untreated cells verified equal degrees of plasma membrane permeabilization and cytoplasmic release ( Fig. 5C and D) . Importantly, there was also no difference in cathepsin B or LDH activity in the unpermeabilized LTtreated cells, indicating that prior to and during the saponin treatment, the cells retained intact cell membranes. Saponinreleased cytoplasmic cathepsin B levels were assessed every 10 min after LT treatment. We determined that the LMP corresponding to measurable changes in cytosolic cathepsin B release begins between 50 and 60 min after the application of LT (Fig. 5E ). Although cathepsin B levels measured by this assay did continue to increase beyond 60 min (normally doubling by 80 min), because we observed a 10% baseline cathepsin B release without any saponin permeabilization at 80 min we assumed cells had already begin to undergo cytolysis by these later time points, contributing at minimum 10% of the cathepsin B activity (data not shown). Thus, we selected the 50 to 60 min window for assessment of cytosolic cathepsin B activity, prior to any cell lysis. This time frame corresponds closely to the activation of caspase-1 (Fig. 3) . Despite the fact that changes in cytoplasmic cathepsin B activity which represented a small fraction of the total cathepsin activity in the cells were unlikely to be caused by an increase in cathepsin B proteins levels, we did verify that cathepsin B levels remained unchanged in LT-treated cells in the presence or absence of CA-074Me (data not shown).
In order to confirm the LT-mediated LMP, we investigated toxin-dependent changes in lysosomal stability by monitoring the fluorescence of LysoTracker Red by confocal microscopy. LysoTracker Red is a lysomotrophic dye that only fluoresces in the acidic lysosomal compartment and thus provides an indicator of lysosomal integrity. We observed the beginning of a rapid loss of LysoTracker Red fluorescence in BALB/cJ BMDMs in some cells by 70 min after administration of LT (Fig. 6 ). This loss of fluorescence was not apparent in a majority of the cells until 90 min, followed closely by cytolysis, and was prevented in cells pretreated with CA-074Me (Fig. 6) . These data strongly suggest that LT initiates LMP that is measurable at early times as an increase in cytoplasmic cathepsin B activity, but the accompanying pH changes or more extensive lysosomal destabilization in lysosomes can only be monitored visually at later times. The temporal distinction between cytoplasmic cathepsin B activity and large-scale lysosomal destabilization is consistent with previous reports suggesting that cathepsin B, L, and D can be translocated into the cytosol, while the lysosomes still retain their pH gradient and thus retain their LysoTracker fluorescence (5, 13). In fact, it can take between 30 and 90 min from the initial LMP events before it is possible to visualize lysosomal destabilization with lysomotropic dyes (47) .
LT-induced increases in cytoplasmic cathepsin B activity in the context of other toxin-mediated events. We then examined the role of cytoplasmic cathepsin B activity in the context of the proteasome activity and K ϩ efflux required for LT-mediated caspase-1 activation. The potent proteasome inhibitor lactacystin fully prevented the LT-induced increase in cytoplasmic cathepsin B activity (Fig. 7A ). Similarly, we tested the K ϩ channel inhibitor quinidine and found that although this drug substantially increased the baseline cytoplasmic cathepsin B activity in untreated control cells, it also inhibited (or simply masked) any further LT-dependent increases in cytoplasmic cathepsin B activity (data not shown). This suggests that K ϩ efflux induced by LT precedes LMP. Finally, we wanted to relate LMP to the event(s) altered by heat shock, which prevents LT-induced cell death at an unknown step upstream of caspase-1 activation (29) . In this regard, we found that the LT-dependent increase in cytoplasmic cathepsin B activity was also inhibited by this treatment (Fig. 7B) . We conclude that increases in cytoplasmic cathepsin B activity (and the associated initiation of LMP) are likely downstream of the proteasome activity and K ϩ efflux required for caspase-1 activation. Because the appearance of cathepsin B in the cytosol and caspase-1 activation occur at similar times in response to LT and there is evidence of LMP augmentation by both NLRP3 activation (16) and other caspase activities (13, 18, 57) , we sought to determine whether lysosomal leakage events were upstream or downstream of caspase-1 activation by LT. We pretreated cells with the potent caspase-1 inhibitor Boc-D-CMK (46) prior to performing the cytoplasmic cathepsin B assay. Interestingly, we found that Boc-D-CMK strongly inhibited cathepsin B activity in both LT-treated and untreated cells at all saponin concentrations, including high doses that permeabilized the lysosomal membranes (Fig. 8) 49), could act as a potent cathepsin B inhibitor, we compared it and other known caspase-1 and cathepsin B inhibitors in the in vitro cathepsin B activity assay. As expected, both CA-074 and CA-074Me inhibited cathepsin B activity, with CA-074 being much more potent (approximate IC 50 s of 60 nM and 6 M, respectively [data not shown]). Caspase inhibitors, including Boc-D-CMK, Z-VAD-FMK, Ac-YVAD-CMK, and Z-WEHD-FMK, also strongly inhibited cathepsin B activity (approximate IC 50 s of 9, 1, 1, and 6 M, respectively), whereas lactacystin did not inhibit cathepsin B activity (data not shown). Thus, almost all caspase-1 inhibitors are also cathepsin B inhibitors and may contribute to protection against LT-mediated lysis through acting on both enzymes, as well as other potential targets. Therefore, because cathepsin B activity appears in the cytosol at the same time as caspase-1 activation, it is still possible that LT-induced LMP actually requires caspase-1 activation and is a consequence of inflammasome activation rather than the initiating event. If this is true, CA-074Me protection may act at a different step of LT cytotoxicity.
Effects of cathepsin B expression inhibition on LT-induced cell death. Because LMP is associated with the release of numerous other enzymes to the cytoplasm and there have been examples of CA-074Me inhibiting some related proteases, we wanted to test whether cathepsin B was specifically essential for LT cytotoxicity in macrophages. We inhibited cathepsin B expression by RNA interference in both RAW 264.7 and BALB/cJ BMDMs. In RAW 264.7 cells we obtained a strong knockdown of both pro-cathepsin B and mature cathepsin B protein levels, as indicated by a Western blot (Fig. 9A, inset) . However, we did not observe protection against or delay of LT-mediated cell death associated with reduced cathepsin B levels (Fig. 9A) . In BALB/cJ BMDMs we noticed a nearly complete knockdown of pro-cathepsin B without a corresponding reduction of the mature forms of cathepsin B (Fig. 9B,  inset) . Thus, it was not surprising that there was no difference in LT toxicity in BMDMs (Fig. 9B) . We also found that LTinduced caspase-1 activation occurred similarly between the knockdown and control cells (data not shown). Curiously, even in the absence of LT, nucleofection with cathepsin B siRNA resulted in some baseline caspase-1 activation, likely due to the pore formation associated with this process (data not shown). This small amount of activated caspase-1 may have been sufficient as the first step in NLRP1b-dependent LT-mediated cell death. However, it is possible that cathepsin B activity is not required for LT-dependent cell death or that very small levels of this enzyme are sufficient for LT-mediated effects. Alternatively, other cathepsins and lysosomal enzymes may also be involved in LT cell death and compensate for cathepsin B.
DISCUSSION
In the present study, we demonstrate that CA-074Me, a drug described as a potent and specific cathepsin B inhibitor, protects macrophages against LT-dependent cell death without inhibiting LF-mediated translocation or activity (as assessed by MEK cleavage), but instead by blocking some step upstream of caspase-1 activation. LT induced an increase in cytoplasmic cathepsin B activity, indicating a LMP event which occurred earlier than the large-scale lysosomal destabilization coupled to cell lysis (as indicated by a complete loss of LysoTracker Red fluorescence). LMP and cathepsin translocation into the cytosol can begin prior to the loss of lysosomal acidic pH, measurable by LysoTracker fluorescence, sometimes taking 30 to 90 min before dye-based visualization is possible (5, 13). We hypothesize that there is an initial event triggering LMP that correlates with increased cytoplasmic cathepsin B activity (as measured by our activity assay) and a later, large-scale LMP event immediately preceding cell death (as measured by fluorescence microscopy). It is unclear, however, whether CA-074Me protects against LT-mediated lysis through inhibition of cathepsin B itself or other cellular proteases because a reduction of the enzyme by siRNA in RAW 264.7 cells does not protect against toxin. Furthermore, we cannot state whether CA-074Me protection actually targets protease release associated with LT-induced LMP.
There is an increasing recognition that cathepsin B is critically involved in a number of different functions separate from its established role in lysosomal protein degradation and protein processing (33) . The release of cathepsin B from lysosomes is involved in both apoptosis (typically after partial LMP) and necrosis (after large-scale LMP) (9) . Furthermore, cathepsin B release has been shown to act both upstream and downstream of NLRP3 inflammasome activation (16, 19, 21, 22, 43, 60) . Indeed, lysosomal destabilization and the cytoplasmic activity of lysosomal proteases such as cathepsin B may be a universal mechanism through which a variety of stimuli in- duce the proinflammatory responses associated with inflammasome activation (reviewed in references 14 and 62).
Release of cathepsin B into the cytoplasm by LT corresponds closely in time with the activation of caspase-1 by LT. This suggests that a feedback amplification mechanism might be operative, one in which traces of cytosolic proteases associated with the lysosome leakage process might act on the NLRP1b inflammasome or its procaspase-1 component to begin an activation cascade. In this scenario, the CA-074Me inhibitor may actually act on the putative cytoplasmic enzyme required for NLRP1b-mediated caspase-1 activation, preventing further LMP-based enzyme release.
Interestingly, the relationship between NLRP3-activated caspase-1 and cathepsin B is also unclear. Lysosomal destabilization and the release of cathepsin B have been implicated in the activation of the NLRP3 inflammasome/caspase-1 after exposure to nigericin, amyloid ␤, aluminum salts, silica crystals, microparticle vaccine adjuvants, osmotic lysosomal rupture, and Leu-Leu-OMe (19, 21, 22, 43) . However, in a contrary view, cathepsin B release from lysosomes has been described as resulting from the upstream activation of NLRP3 that occurs upon transfection of disease-associated mutant forms of NLRP3, treatment with certain antiviral drugs, and S. flexneri infection, although cell death in these scenarios is caspase-1 independent (16, 60) . Thus, LMP has been shown to both cause the release of cathepsin B and be dependent on the activity of cathepsin B, contrasting observations that taken together could support the cathepsin-dependent positive-feedback loop mentioned above (16, 58) .
Cathepsin B has also been shown to activate caspase-1 and caspase-11 in vitro and in vivo, further suggesting that there could be important interactions between cathepsin B and the inflammasome (4, 21, 42, 49) . In a recent study, both caspase-1 and caspase-11 were found to associate with NLRP1b in response to LT treatment (35) . Caspase-11 has also been reported to be required for caspase-1 activation, and cathepsin B may act on caspase-11 (25, 30, 55) .
We tried to relate caspase-1 activation to cytoplasmic cathepsin B activity by observing cytoplasmic cathepsin B activity in the presence of a pan-caspase inhibitor. We hypothesized that the inhibition of caspase-1 activity would lead to inhibition of cathepsin B release if caspase-1 was necessary for amplification of the cathepsin B release. These experiments were complicated by the discovery that the potent caspase inhibitor Boc-D-CMK, previously used to implicate caspase-1 activity in LT-mediated macrophage death (46) , is also a potent cathepsin B inhibitor, much in the manner previously shown for other caspase inhibitors (17, 21, 39, 41, 49) . This inhibitor, a potent protector against LT-mediated lysis (12, 34, 59) , may act through targeting both caspase-1 and cathepsin B. These results underscore the need to interpret data from pharmacological approaches with caution and to use inhibitors in conjunction with other methods to clarify the role of cathepsins and caspases in various cellular pathways. For this very reason, we performed siRNA experiments which suggest that CA-074Me may protect LT by acting on other cellular enzymes in addition to cathepsin B. However, the half-life of previously transcribed and processed mature cathepsin B is around 24 h (6, 26, 27) , and it is likely that some active enzyme remained during toxicity testing. Only a few molecules of cathepsin B could be sufficient for inducing the events that lead to caspase-1 activation, making it difficult to observe a significant change in LTprotection with these knockdown experiments. Furthermore, it has been demonstrated that CA-074Me and CA-074 can inhibit cathepsins L and X (enzymes also released during LMP), and concerns remain that they may also act on other unknown targets (28, 31, 32) . Therefore, it is possible that although cytoplasmic cathepsin B is a clear measure for LT-induced LMP, the enzyme itself is not involved in LT-mediated cell death.
The mechanism(s) by which LT induces LMP remain unknown. One membrane-active enzyme that could play a role is phospholipase A 2 (PLA 2 ). PLA 2 is known to be a strong inducer of LMP (61, 63, 64) , and it has previously been implicated in LT-mediated cell death (44) . Various forms of PLA 2 are activated by both lysosomal proteases and K ϩ effluxes, and in turn, PLA 2 can regulate caspase-1 activity (3, 24, 54, 63) . Our preliminary data suggest that the iPLA 2␤ -specific inhibitor (S)-bromoenol lactone (23) does, in fact, protect macrophages against LT-dependent cell death (data not shown).
Another organelle affected by LT that may be involved in the regulation of LT-mediated LMP is the mitochondrion. Strong interdependent relationships exist between the state of lysosomes and mitochondria (7, 47) . Mitochondrial membrane potential disruption is an essential, proteasome-dependent step in LT-induced cell death (2) . A key mediator of mitochondrial or lysosomal damage could be LT-induced reactive oxygen species (20) , since reactive oxygen species molecules can easily damage lysosomal membranes (7, 47) . Finally, the channel formed by PA in endosomes could possibly act as a potential small-scale LMP trigger. In cells engineered to overexpress anthrax toxin receptor 1 (TEM8), exposure to PA induces cell death through what was proposed to be an LMP-like event (40) . One can imagine that a membrane-inserted PA channel might traffic to lysosomes and cause small-scale content release, which could act in concert with other LF-dependent events to produce cell death and inflammasome activation.
To summarize, we report that anthrax LT-induced cell death results in LMP events and CA-074Me, an inhibitor of lysosomal proteases, prevents cell death. Although CA-074Me inhibited the NLRP1b inflammasome and caspase-1 activation by LT, it is possible that caspase-1 activation also contributes to LT-induced LMP. 
